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ABSTRACT
CURRENT EQUALIZATION IN PARALLEL LEDs
USING FLYBACK CONVERTER
Ankita Patil, M.S.
Department of Electrical Engineering
Northern Illinois University, 2015
Dr. Donald Zinger, Director

With increasing demand in energy, Light Emitting Diodes (LEDs) are rapidly finding
new applications. Parallel combination of LEDs is better than existing solutions for high
intensity load requirement than the series combination, as it does not put constriction on number
of LEDs to be used. But there are certain discrepancies in using LEDs in parallel combination.
Forward voltage change and input voltage drift pose problem in current sharing in parallel
branches. This thesis presents a new, cost effective and simple method to design current
equalizing circuit that will allow uniform current sharing in parallel LEDs.
The proposed circuit uses magnetically coupled inductors to balance current in parallel
branches of unequal loads. The circuit uses a flyback converter to achieve this. High frequency
switching used in the circuit helps to minimize visible flicker. The duty cycle of switching
MOSFET and inductor of transformer can be used to balance the current in branches along with
maintaining the brightness of LEDs. The circuit is tested for larger imbalance in load. Previous
work done to reduce current mismatch in loads is discussed. A comparative study between these
methods and the proposed method is presented.
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CHAPTER 1
INTRODUCTION
"Let there be Light!" was famously said by Thomas Alva Edison, whose life changing
invention of the electric bulb brought a new revolution across the world. Man depended on fire
for light. This same concept Edison used in his electric bulb, a burning filament forming the core
of the bulb and providing light. Since then, a lot of light bulbs or sources have been invented
such as incandescent bulb, fluorescent bulb, high-intensity discharge (HID) bulbs, halogen lamps
and light emitting diodes (LEDs). All the light sources, except LEDs, use gas inside the bulb for
glowing and so pose hazard in case of malfunction. LEDs, on the other hand, do not contain any
gases in them. LEDs are reliable, save energy, run longer than other light bulbs, can change
colors and can be programmed remotely.
1.1 Light Emitting Diodes
LEDs, are semiconductor diodes. Like every other diodes, LEDs are comprised of p-n
junction, except that they emit light when the diode is conducting. In an LED, when a voltage is
applied across the p-n junction of the diode; electrons from n-type semiconductor combine with
holes from p-type semiconductor and release photons to produce light. The energy of these
photons is dependent on the band gap of the semiconductor inside the diode and decides the
color emitted by the diode[1]. The epoxy resin that covers the LED protects it and is the main
reason for the LED to be durable. The structure of an LED is shown in Figure 1 and its symbol is
shown in Figure 2.
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Figure 1:

Structure of an LED [1].

Figure 2

Symbol of an LED [1].

In early days, LEDs were first used in seven segment displays and as indicator lamps in
TVs, radios, test equipments etc. as they emitted low intensity light. Now, LEDs provide a wide
wavelength range of light. As a result, LEDs form major application in illumination of homes,
industries, automotives, aviation, outdoor etc. LEDs do not contain harmful gases for
illumination, as they use electroluminescence. So LEDs do not emit hazardous gases in case of
damage. Apart from that, LEDs are more efficient light sources and save power as compared to
other light bulbs. Moreover, LEDs are more robust than other bulbs. And, they support dimmers
that help saving electricity. Thus, LEDs are a popular choice in diverse applications.
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1.2 LED Driver
LEDs require low input voltage to operate, usually up to 4V[1]. LEDs cannot be
connected directly to supply unit. There should be a limiting device connected between the
source and the LED load. LED driver acts as an interphase between LEDs and supply voltage.
Also, the current flowing through the LEDs administers their output [2]. The intensity of LEDs
varies directly with varying current. It is the function of LED driver to supply constant current to
LEDs in order to maintain constant output. The driver responds to the changes in the condition of
LEDs and supplies constant power to it. The driver also provides isolation to the LEDs from the
high voltage source side. Forward-voltage drop of LEDs is inversely related to its temperature.
With high difference in the supply voltage and the voltage of LED, the current supplied to the
LEDs is more resulting in increase in temperature and reduction in its voltage. This in turn
increases the difference between the two voltage values. The voltage drop in LEDs can be
controlled by the LED driver circuit. A general block diagram of an LED driver is in Figure 3.

Figure 3:

Block diagram of an LED driver[3].
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1.3 Series and Parallel Arrays
A single LED is small in size, with cross section area of less than 1mm2[1]. A single LED
cannot illuminate a large area and so array of LEDs needs to be used to meet the required
standards. LEDs can thus be used in an array of series or parallel pattern. As mentioned earlier,
current governs the output intensity of LEDs. To have uniform intensity in all the LEDs, it is
necessary that same current flows through all the LEDs.
Connecting LEDs in series combination makes certain that the same current flows
through all the of them. This connection makes it easy to control the current through the entire
series at a single time. The connection also allows uniformity in emitted light. But a major
drawback for series LEDs is that the forward voltage drop on each LED adds up to give
cumulative voltage drop, and so higher voltage sources are required to supply voltage to a larger
number of LEDs[3]. Thus the number of LEDs that can be connected in a series string is
restricted by supply voltage. Also there is a danger of single point failure where if a single LED
goes out, the whole string would stop glowing. This increases the maintenance cost also.
Connecting the LEDs in parallel would allow use of more number of LEDs than in series
combination, even for low voltage sources. That way, the cumulative voltage will not build up to
harm the voltage source. But all LEDs do not have identical electrical properties. Difference in
voltages in parallel combination causes current imbalance. The branch with lower voltage draws
more current. This would result in non-uniformity of emitted light. Also more current means
increase in temperature which results in further decrease in forward-voltage drop of LED. Thus
the branch will keep drawing current. This phenomenon can be explained from figures below.
Figure 4 is a representation of unbalanced LED voltage connected in parallel.
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Figure 4:

Circuit diagram for current in parallel unbalanced LED branches.

As ideal diodes are used instead of LEDs, the imbalance is shown by connecting unequal
number of LEDs in the two branches. This would result in different forward voltage drops in the
two branches. The currents through the two branches is shown in Figure 5.

Figure 5:

RMS currents through unbalanced parallel branches of LEDs.
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With unequal voltage drop across parallel branches, as seen from fig.4, the branch with
lower voltage drop tries to draw higher current. The current can go as high as 8A, and it is still
increasing. This would damage the LEDs.
So, uniform current can be obtained in all the parallel branches only by external current
balancing techniques. The major drawback of this arrangement is that an additional current
regulation scheme is required by the circuit. Nonetheless, this arrangement does not restrict the
number of LEDs and can be used in high intensity illumination.
1.4 Thesis Organization
The following Chapter 2 describes different techniques that can be used in equalizing
currents. This is followed by Chapter 3 that describes various circuits implemented by
researchers using these techniques. Chapter 4 explains the concept behind proposed technique
and the theory behind the circuit. Chapter 5 resents simulation results of proposed circuit and
analysis of circuit along with comparison. Chapter 6 concludes on the reliability of proposed
current balancing technique and comparison with other techniques.
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CHAPTER 2
CURRENT BALANCING TECHNIQUES IN PARALLEL STRINGS
As mentioned earlier, for applications that require higher intensity of light, parallel
strings of LEDs are required and current balancing in these parallel branches is the main concern.
Every string of LEDs requires separate current regulation circuit, be it be a simple resistor or a
complex current sensor and regulator circuit. Different current balancing techniques are
discussed in this chapter. Each technique has its own rewards and inadequacies. Each of these
are discussed in this chapter. This chapter gives an insight on different methods that can be used
to address the problem and the possible outcome of each method if used.
2.1 Voltage Binning
The simplest technique for current equalizing in branches is voltage binning. Binning of
semiconductor devices means to group those manufactured products that have same performance
characteristics [8]. In the process of voltage binning, LEDs with similar voltage characteristics
are grouped together to be sold. This method ensures all the LEDs in a group will have similar
voltage drops and will have balanced current in parallel branches. But this method decreases
yield as it relies on grouping only those LEDs that have similar characteristics. Moreover, you
cannot guarantee that the LEDs grouped together will have exact same voltage characteristics, as
manufacturing in semiconductors is an inaccurate and low yield process [5].
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2.2 Series Resistors
Another technique to balance current is to connect identical current limiting resistors in
series with the LED strings. The voltage drop in the LEDs will be dominated by the voltage drop
across the resistor, resulting in equal voltage and same current through the branches. But with
increasing number of LEDs in a string, higher value of resistance is required to dominate the
voltage drop across LEDs. These resistors give rise to additional losses in the circuit. This
reduces efficiency of the circuit[4]. The circuit with this technique is shown in Figure 6.

Figure 6:

Identical series resistors for current equalization [4].
2.3 Current Regulators

This method offers a high current balancing accuracy. The current in each branch is
controlled independently. The regulators can either be linear or switching. The switching
regulators are preferred over linear ones because they have higher efficiency. Also, the stepup/step-down provision of the switching regulators give a wider range of operating voltage of
LEDs. This means, the LED strings with voltage level more than the source can be used too. On
the other hand, the linear regulators have one advantage of cost effectiveness over the switching
regulators. But there is a major drawback of using this technique. For implementing this
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technique, a single converter is needed for a single branch of LED. The circuit will become
complicated and expensive if there are many parallel branches of LEDs [4]. Circuit with current
regulators is shown in Figure 7.

Figure 7:

Current regulators for current equalization [4].
2.4 Current Mirroring

Current mirroring technique creates a current source that acts as reference current for all
the parallel branches. This is achieved by adding transistors in series with each branch and
connecting base of all these transistors together. The transistors used must be identical. For a
branch to be a reference branch, collector and base terminals of its transistor are connected
together. Thus, the current through collector and base terminal of the transistor will form
reference current and this current is mirrored in all the other branches.
Figure 8 represents current mirroring technique for two branches. I1 forms the reference
branch and branch I2 is matching the current with reference branch. The circuit is using identical
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BJTs Q1 and Q2 for current matching. Current Ic1 or the collector current of Q1 forms the
reference current.
Current mirroring can be explained mathematically as follows:

Where,

Figure 8:

= collector current of Q1

Current mirroring for parallel branches [6].
= Base current of Q1 = Base current of Q2

Thus,

And
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Where,

current gain of BJT.
Since

to

is typically of higher order, the above fraction becomes 1 and

is almost equal

.
One of the drawbacks of this technique is the difficulty of choosing reference branch out

of all the parallel branches. The technique requires controlled reference current source as the
current imbalance in the parallel cannot be predetermined. Choosing inaccurate branch current as
reference current might drive the transistors in saturation, hampering the current equalizing
process [6].
2.5 Balancing Transformers
This technique uses current balancing transformers for maintaining equal currents in LED
strings. In the circuit, transformers with turns ratio of 1:1 are connected in series with rectifier
and filter circuit that is connected to LED strings, and between parallel strings of LEDs. Because
of the turns ratio, same current is forced to flow through the branches connected to primary and
secondary of the balancing transformer. Figure 9 shows the schematic of this technique.
As shown in Figure 9, because of 1:1 turns ratio of transformer TR1, the current through
windings W1 and W2 , and as a result through strings S1 and S2 will be same. Further, because
the windings W2 and W3 are in series, the same current is then forced through transformer TR2
and through string S3.
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Figure 9:

Current balancing transformers [4].

This method has a limitation on the magnetizing current, its value should be less than the branch
currents to LEDs. It is only then that the current balancing transformer will be able to produce
same current on the secondary windings.
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CHAPTER 3
PREVIOUS WORKS IN CURRENT EQUALIZATION
As seen earlier, chapter 2 speaks about various techniques in general that can be utilized
to equalize currents in unbalanced LED strings. The chapter 3 specifically talks about how
researchers have implemented these different techniques in complex circuits and achieved
current equalization in unbalanced load conditions.
3.1 Variable Inductors
R.A. Pinto et al. [2], proposed a circuit to equalize current in the branches by using
variable inductors. Forward converter is used to provide supply in the form of a square wave.
The circuit consists of voltage source followed by transformer, rectifier, filter and then LED
string. The circuit is shown in Figure 10. The variable inductor is controlled by an auxiliary
winding. The controlling current in the auxiliary winding controls the inductance value and in
turn the output voltage. A larger value of controlling current results in lower value of inductance;
which in turn results in higher value of output voltage and higher output power. This is an
effective way of controlling the voltage and in turn controlling the current in each branch [2].
The major drawback of this method is that current of only one branch with series LEDs
can be controlled. Here again, if there are multiple parallel branched of LEDs, the
implementation cost will be high and the circuit will be very complex [2].
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Figure 10:

Variable inductors for current equalization [2].
3.2 DC-Side Current Balance

Y. Hu, and M. M. Jovanović [4], came up with a new technique of using current
balancing transformers for current equalization. The circuit uses both balancing transformers and
periodic switch to equalize branch currents. The circuit consists of power supply, magnetic
balancer circuit and parallel LED strings and switching circuit. Power supply for this circuit can
be any type; namely AC/DC converter, DC/DC converter or a battery. Magnetic balancer circuit
is formed by current balancing transformers, in a way that two LED strings share single
transformer. Thus, for N number of parallel LED strings, (N-1) transformers are required. The
control switch connected to LED strings has two vital roles to play. When the switch is turned
on, current flows through the LED strings and the switch; whereas when the switch is turned off,
no current flows through the LED strings so this time can be used by transformer to reset
magnetic core. Thus the switch helps in resetting magnetic core of the balancing transformers.
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Another role switch plays is controlling the brightness of LEDs by adjusting duty cycle of the
switch, thus providing dimming operation to LED strings. The circuit for this circuit is shown in
Figure 11.

Figure 11:

Current balancing circuit using DC-side current balancer [4].
3.3 Capacitor

S. M. Baddela, and D. S. Zinger [7] came up with a unique solution on current
equalization using series capacitors. The circuit balances current in unequal LED branches by
connecting capacitors in series with LED strings and powering LEDs with high frequency
supply. LEDs are diodes that conduct only in one direction. LEDs are connected in anti-parallel
manner to facilitate conduction in both half -cycles of high frequency AC supply.
Figure 12 represents the basic circuit of current equalization in parallel LED strings with
capacitor in series with each anti-parallel branch of LEDs. LED driver circuit provides high
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frequency AC voltage to the circuit and capacitor C is limiting the current through the branches.
The calculation for capacitance value required by the circuit is explained as follows.

Figure 12:

Current balancing using capacitors in series [7].

LEDs conduct in one direction. So every LED is conducting in a half-wave rectified
waveform. For a half-wave rectifier, the relation between peak value of AC current and average
value of sine wave of half-wave rectifier is,

As peak current through the capacitor will be equal to the peak current through LED branch,
. Also, the rated forward current of LEDs should be the limiting current through the
LEDs, so as to maintain uniform light intensity. So,

. Thus,

The peak current through the capacitor can be determined by finding the voltage across
the capacitor. This voltage is dependent on supply voltage

and forward-voltage drop of LEDs

. The voltage drop across the LEDs will be in phase with the current flowing through the
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LEDs, whereas the voltage drop across the capacitor will be lagging capacitor current by 90ᴼ. So
the two voltages are orthogonal to each other and can be expressed as,

Now, the relation between series capacitor

and voltage across the series capacitor

can be represented as,

The above expression represents the formula to calculate the value of capacitor required
to match current in parallel LED branches [7].
This proposed technique is a 2003 thesis research at Northern Illinois University. This
technique significantly reduces current mismatch in unbalanced LED strings. It also has the
advantages of low cost, simple and high frequency.
3.4 Push-pull converter
N. K. Varadarajan [8] introduced a current equalization method that uses magnetically
coupled inductors for balancing current. The circuit is operated by a push-pull converter at high
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frequency. The circuit uses a DC current source as main power of supply. Current-fed push-pull
converter is used as driver circuit for LEDs.
Switches are connected in series with the primary windings of transformers. Pulses of
opposite polarity are generated at primary and secondary windings of transformer in the pushpull converter. The circuit built for this technique is as shown in Figure 13.

Figure 13:

Current balancing using push-pull converter [8].

The circuit uses IRF150 power MOSFETs for switching, source of 5mA DC, and
inductors with value 0.01H are coupled mutually forming a push-pull converter. LEDs are
connected in anti-parallel manner so that LEDs will glow in both half cycles. The first branch
has 2 LEDs and the second has 4. When switch M1 is ON, current flows through L1 and voltage
is induced in L3, making branch 1 to conduct. When switch M1 is OFF and M2 is ON, current
flows through L2 and voltage is induced in L4, making branch 2 to conduct. Advantage of this
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technique is that LEDs are glowing in both halves of switching cycles. Mismatch in currents
through imbalanced branches of LEDs is reduced significantly and is observed to be less than
that using capacitors; as the imbalance goes on increasing [8].
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CHAPTER 4
PROPOSED CURRENT EQUALIZATION TECHNIQUE
After looking at all the existing solutions on current mismatch in LEDs, this chapter
introduces to a new technique to equalize currents.
The proposed technique works on the concept of mutual coupling between the coils of the
transformer, i.e. coupling between inductors. The circuit is made of flyback converter with
multiple secondary windings of transformer acting as current regulators. This technique is
proposed based on the fact that a transformer works on electromagnetic induction and any
change in the primary is reflected in the secondary side. Transformer is a self regulatory device
and so can act as a good device in trying to match currents. Voltage supplied on primary side
stores energy in the primary winding which is induced in secondary winding and transferred
completely on the secondary circuit. The voltage level transferred from primary to secondary is
determined by the turns ratio of the transformer.
This concept is used in the proposed circuit and a transformer is used to balance the
current in the branches. The LED driver circuit used is flyback converter with multiple
secondary windings on secondary side. Flyback transformer is used instead of a normal
transformer with advantages discussed later in this chapter. The transformer accounts for using
mutually coupled inductors.
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4.1 Flyback Converter
Flyback converter is an isolated version of buck-boost converter. It is used as a DC/DC
converter. Its isolation provides added advantage of multiplied voltage ratios . It can act as both
buck and boost converter. Basic circuit of a flyback converter is shown in Figure 14.

Figure 14:

Schematic of a flyback converter [9].

A flyback converter is supplied with DC source and has a switch connected in with the
primary of transformer. A blocking diode is connected in series with secondary of transformer. A
charging capacitor is connected across the load. The terminals of secondary winding of
transformer are reversed so as to provide positive voltage at the output.
The switch connected on primary side provides switched DC supply to the transformer.
When the switch is turned off, the current stops abruptly in the primary side and causes the
magnetic field to collapse. This results into reverse direction of magnetic flux inducing voltage
in opposite to that induced in the charging cycle. This reverse voltage induced due to sudden
interruption of current is called "flyback", hence the name flyback converter.
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Unlike a normal transformer, current flows in only one winding at a time in a flyback
transformer. During charging time, the blocking diode being reverse biased does not allow
current in the secondary winding. During discharging time, current does not flow in the primary
due to open switch.
4.2 Operation of Flyback Converter
As mentioned earlier, current does not flow simultaneously in both the windings of
flyback transformer. The operation of flyback converter is divided in two half cycles, charging
cycle and discharging cycle. The two cycles can be best explained by Figure 15.

Figure 15:

On and Off state of flyback converter [9].

During this first half of switching cycle, the switch is ON and current is flowing through
the primary of the transformer creating magnetic flux in the winding. Energy generated is stored
in the magnetic core. Negative voltage is induced in the secondary winding. As this causes the
blocking diode to be reverse biased, the diode does not allow current to flow through the
secondary winding. The energy stored in output capacitor during previous cycle is supplied to
the output.
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During second half of switching cycle, the switch is OFF and so current is not flowing in
the primary. As a result magnetic flux drops, leading to reversal in the direction of magnetic flux
and a positive voltage is induced in the secondary winding. The positive voltage now causes the
blocking diode to be forward biased and start conducting. The energy stored in the magnetic core
is transferred to the output capacitor and the connected load. Because of the open switch, current
is stopped from flowing back into power supply.
When current is able to flow in the secondary, the decrease in current value is slow and
so magnetic field does not change abruptly. This induces low flyback voltage. If current is not
able to flow, the magnetic field will drop down abruptly and this will give rise to a high flyback
voltage. Control of this flow of current and the charging-discharging time of switch permits you
to control the voltage. This eliminates the need of turns ratio for step-up or step-down operation
[10].
4.3 Modes of Operation
Depending on the magnetic flux and charging time of the circuit, flyback converter
operates in three modes of operation.
4.3.1 Continuous conduction mode
In this mode of operation, current never goes to zero completely. This is because the
magnetic flux in the core of the transformer does not go to zero, as the next switching cycle starts
immediately and magnetic flux starts building in the primary. The magnetically field stored in
the core does not discharge completely into the output capacitor and load.
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4.3.2 Discontinuous conduction mode
This mode of operation has discontinuous flux in the circuit. The magnetic field energy
in the core is completely transferred to output capacitor and load before the next cycle arrives for
building up flux. With off-time being sufficiently large, all the stored energy is transferred to
output and the circuit stays in zero flux state until next cycle arrives. This period is called dead
time, when there is no current and all the stored energy has been discharged through capacitor
and load.
4.3.3 Critical conduction mode
This mode of operation is similar to discontinuous conduction mode, except that there is
no dead time after the energy is completely discharged and before the switch turns . The
switching occurs instantly after the current goes down to zero.
4.4 Design Parameters of Flyback Converter
The basic relation between input and output voltage of flyback converter is given by,

Where,

and

are output and input voltages

and

are secondary and primary turns ratio

is the duty cycle
As energy is transferred to the secondary side during
expression for critical conduction mode will be,

time period, the output voltage

25

26

CHAPTER 5
CIRCUIT SIMULATION AND RESULTS
Development of current balancing circuit for parallel LEDs is described in this chapter.
ORCAD Capture CIS is the simulation tool used for building the circuit.
5.1 Experimental Circuit
To start with, two separate circuits with unequal load are simulated to observe separate
forward current and forward voltage drop. First circuit has 2 LEDs and the second circuit has 2
LEDs and a resistor of 22 . The simulation circuits are shown in Figure 16 and Figure 17
respectively. The RMS current observed in Figure 16 is 52.68mA and voltage drop is
565.681mV. The RMS current observed in Figure 17 is 2.1329mA with voltage drop of
565.689mV. There is very less voltage difference in the two branches, but there is a large current
mismatch of almost 95.95%.
Now the same two branches of unequal loads are connected to mutually coupled
inductors and simulated, as shown in Figure 18. This is basically done to compare the mismatch
for the two cases.
In Figure 18, inductor L1 forms primary and inductors L2 and L3 form secondary's of the
transformer. For simulation purpose, the three inductors are mutually coupled with coupling
coefficient of -0.3. The inductor values are taken as 100µH, the explanation for which is given in
the later part of this chapter. Simulation results are shown in Fig. 5.4. The RMS currents
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observed are 1.478mA through branch 1 and 1.290mA through branch 2. The mismatch is now
reduced to 12.68%.

Figure 16:

Simulation circuit with 2 LEDs.

Figure 17:

Simulation circuit with 4 LEDs.
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The same circuit is built in laboratory and the results are recorded. For laboratory
experiment, the core used for the experiment is OR45530EC by Magnetics Inc. Inductance per

Figure 18:

Simulation of experimental circuit.

turns for the magnetic core is 8000

. With 80mA of output current and 5V of supply

voltage, the required inductor and number of turns are calculated as follows
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Where, Z = Inductive impedance
L = Inductance
f = Transient frequency
Therefore,

in the simulation circuit

Thus, the required number of turns around the core will be

For the experiment, number of turns around primary and two secondary’s are taken as 9
instead of 12.5 for ease of construction. In the simulation and experimental circuit, LEDs are
connected in anti-parallel manner so that the LED branches conduct in both positive and negative
cycle of AC voltage. The laboratory setup is as shown in Figure 19.

Figure 19:

Simulation result of experimental circuit.
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The experimental results for branch 1 are shown in Figure 20 and for branch 2 are shown
in Figure 21.

Figure 20:

Laboratory setup of experimental circuit.

Current

Voltage

Figure 21:

Current through first branch of LEDs.

As seen in Figures 21 and 22, the RMS current through branch 1 is 5.868mA and that
through branch 2 with 4 LEDs is 5.010mA. There is a difference of 0.858mA between the two
branches, which is almost 14.62%. Comparing the mismatch between the branch currents when
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Current

Voltage

Figure 22:

Current through second branch of LEDs.

the branches are simulated separately and when they are simulated by coupling with inductors,
the mismatch has changed drastically for the later condition. Thus it can be concluded the
technique of mutually coupled inductors is effective in balan4cing unequal load branches of
LEDs in parallel. The current levels in simulation circuit are different than the current levels in
laboratory experiment because it is difficult to achieve perfect coupling.
Further, the same circuit is simulated but with an improved coupling of -0.5 within the
inductors, keeping the rest of the parameters same. Figure 23 represents this circuit. Figure 24
shows simulation results for this circuit that has improved coupling. The RMS current observed
in branch 1 is 104.98mA and that in branch 2 is 99.56mA with a mismatch of 5.16%. If a
uniform coupling is achieved between the primary and two secondary windings as in simulation,
the current imbalance in parallel loads can be reduced.
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Figure 23:

Simulation circuit with improved coupling

Figure 24:

Simulation results of circuit with improved coupling
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5.2 Proposed Circuit

Based on this concept, a circuit with the proposed current balancing technique is
developed. The circuit uses flyback converter topology for current balancing. The main circuit is
as shown in Figure 25.

Figure 25:

Proposed circuit with flyback converter.

As seen from the circuit, IRF 150 power MOSFET is used for switching on the primary
side with duty cycle of 40% and switching frequency of 50kHz. The duty cycle is below 50%
because the stored energy in the primary winding of the transformer is transferred to the
secondary winding in the time period of "(1-D)T" sec, where D is the duty cycle for the
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MOSFET[9]. As a result, the secondary winding and in turn the LEDs conduct for (1-D)T sec.
So, the time period for which the LEDs conduct is more than the time period for which energy is
in the primary side of the transformer. The flyback transformer used has two secondary cores
connected to two series LED strings. In order to study the effect of imbalance load, one of the
branches has two LEDs and the other has four. The ideal breakout diode Dbreak is used as LED
for simulation purpose, as PSPice Library lacks LED model. The polarities of the inductors are
inverted to make them work as Flyback Transformer. The coupling coefficient is “-0.5” for all
the inductors [8, Appendix]. Each inductor is coupled to the other two inductors as shown in
Figure 23, for them to act as magnetic transformer. As described earlier, the value of the
inductors is calculated as,

The above formula is used for flyback converter when it operates in critical
conduction mode. The waveforms of current are shown in Figure 26. The rising waveform is the
current in inductor L1 during DT sec, when energy is being stored in the transformer. The falling
waveforms are those of currents through L2 and L3 during (1-D)T sec, when stored energy is
being transferred to the secondary’s of transformer and when LEDs are conducting.
As mentioned earlier, the output intensity of light through LEDs depends on the current
flowing through the LEDs. For uniform light through LEDs, the mismatch in the two branch
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currents must be minimized. RMS values of currents through the two parallel branches is
recorded and compared. It is seen from the Figure 27 that the current through the two branches is
similar to each other. The RMS current through branch 1 is 257.7mA and that through the branch
2 is 280.182mA, with an error of 8%.

Figure 26:

Critical conduction mode current waveforms.

Figure 27:

Comparison of RMS Currents of the Branches.

The circuit in Figure 25 is then simulated in discontinuous as well as continuous
conduction mode of operation, by decreasing and increasing the values of inductance
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respectively. For each value of inductor, currents in both the branches are recorded and
percentage error is calculated and tabulated. Figure 28 shows a graph between inductor and
corresponding current mismatch percentage. Few inductor values and the resulting mismatch are
tabulated below (see Table 1).
Table 1
Currents in Branches for Different Values of Inductor and Corresponding Percentage Error
Inductance (mH)

RMS Current in

RMS Current in

Percentage Error

branch 1(mA)

Branch 2 (mA)

0.1

357.899

389.842

8.19

0.3

228.068

242.213

5.8

1

224.895

229.757

2.1

1.5

224.195

227.481

1.4

2

223.174

225.648

1

2.5

222.444

224.427

0.88

3

222.029

223.682

0.74

5

216.769

217.762

0.45

7

222.292

223.012

0.32

9

219.65

220.205

0.25

10

217.727

218.208

0.22

10.4

218.719

219.178

0.2
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As the inductor value goes on increasing, current equalizing improves. It changes from
8.19% for L=0.1mH to just 0.2% for L=10.4mH. Moreover, the error is below 1% after 2mH of
inductor. It can be said that, the circuit can be driven with inductors from 2mH to 10mH;
whereas the ideal results will be near L=10mH. Thus, higher the inductance, less mismatch in
currents. At the same time, increase in inductor is causing decrease in output current.

Figure 28:

Percentage error Vs inductance for 4 LEDs and 2 LEDs.
Similar results are observed if the same circuit conditions are simulated for

different conditions of mismatch. Simulation results are collected and presented in the form of
graph in Figure 29 for the circuit with 6 LEDs in branch 1 and 2 LEDs in branch 2. Similarly,
simulation results are collected in Figure 30 for the circuit with and 8 LEDs in branch 1 and 2
LEDs in branch 2. Duty cycle has been adjusted to get similar current levels for both 6 LEDs and
8 LEDs.
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Figure 29:

Percentage error Vs inductance for 6 LEDs and 2 LEDs.

Figure 30:

Percentage error Vs inductance for 8 LEDs and 2 LEDs.
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5.3 Comparative Analysis
After studying the performance of proposed circuit under different conditions, the
performance is compared with two other techniques used for current equalization. The circuit is
compared with circuit proposed by S. M. Baddela, and D. S. Zinger [7] that uses capacitors in
series with LEDs for current balancing and with circuit proposed by N. K. Varadarajan [8] that
uses push-pull converter for current equalization.
At first, S. M. Baddela, and D. S. Zinger [7] thesis used anti-parallel branches of LEDs
and identical capacitors in series with each of such branches. The circuit built on these guidelines
is shown in Figure 31.

Figure 31:

Circuit for current balancing using capacitors in series.

As mentioned in the earlier chapter, the value of series capacitor can be determined as[7],
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= switching frequency of converter = 50kHz, similar to the proposed circuit
= Supply voltage = 5V peak-to-peak
= Voltage drop across LEDs, similar to proposed circuit = 5V
= forward current through LEDs, similar to proposed circuit = 100mA
Thus, placing these values, series capacitance comes out to be,
Based on the description[7] and calculated values circuit is designed in PSpice and shown
in Figure 31, for 4 LEDs on branch 1 and 2 LEDs on branch 2. This same circuit is then
simulated for 6, 8, 10 and 12 LEDs in branch 1 keeping branch 2 with 2 LEDs. Current is
measured in the two branches and compared. The results are tabulated below (see Table 2).
Table 2
Percentage Error for Imbalanced Loads Using Capacitors [8]
Number of LEDs in

Current through

Current through

Percentage Error

Branch-1

Branch-1(mA)

Branch-2 (mA)

4

39.3

39.4

0.25

6

39.1

39.9

2

8

38.2

40.7

6.1

10

37.9

41.6

8.8

12

27.5

42.3

11.3
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As seen from the table, as the number of LEDs increase in one branch, the mismatch
increases. For 12 LEDs opposite to 2 LEDs, the mismatch of string current goes as high as
11.3%.
Now referring to thesis by N. K. Varadarajan [8], push-pull converter is used to balance
the current in unequal load branches. Figure 32 shows the circuit setup for current equalization
using push-pull converter. The circuit has been built to match the parameters of proposed circuit.
This circuit too uses inductors for current equalization.

Figure 32:

Circuit for current balancing using push-pull converter [8].

This circuit too is simulated for different levels of imbalance in the parallel branches.
Branch 1 is kept constant with 2 LEDs, whereas branch 2 is changing from 4, 6, 8 and 10 LEDs.
The inductor value is taken as 0.01H for comparing results with the proposed circuit. The results
are tabulated in Table 3.
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Table 3
Percentage Error for Imbalanced Loads Using Push-pull Converter [8]
Number of LEDs in

Current in Branch1

Current in branch 2

Percentage Error

Branch-2

(mA)

(mA)

4

50.14

50.12

0.039

6

50.38

50.25

0.25

8

50.50

50.35

0.29

10

50.79

50.67

0.236

The proposed circuit with flyback converter is then simulated for different number of
LEDs to observe the reliability of the circuit. Figure 33 shows the circuit used for comparison of
performance. Branch 2 is kept constant with 2 LEDs and number of LEDs in branch1 are altered
similar to previous two circuits . Here again, the inductor value is taken as 0.01H.
The error observed in the circuit with changing load conditions is tabulated below (see
Table 4).
Based on the three tables, the results are combined in the form of graphs and compared.
Figure 34 shows all three graphs of percentage error Vs number of LEDs in branch 1. When
compared, the performance of the new proposed circuit is intermediate between the two other
circuits mentioned above. The mismatch in currents in the proposed circuit is less than the circuit
that uses capacitors. Thus, balancing current using inductors is a more accurate method than
balancing currents using capacitors.
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Figure 33:

Circuit for current balancing using flyback converter.

Table 4
Percentage Error for Imbalanced Loads Using Flyback Converter
Number of LEDs

Current in branch 1

Current in branch 2

%Error

(mA)

(mA)

4

217.727

218.208

0.22

6

177.243

178.111

0.48

8

165.299

166.431

0.68

10

182.784

184.140

0.73

12

62.703

63.204

0.79
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When compared to current balancing using push-pull converter, the error is
comparatively more in proposed circuit than previous circuit. But, the error in the proposed
technique is under 1% for higher imbalance in load. Moreover, the circuit uses just one switching
MOSFET which leads to reduced losses as compared two MOSFETS in push-pull converter
circuit. Addition to that, the proposed method needs less number of inductors for current
equalization than push-pull converter. This makes the proposed technique less complex and less
expensive for equal current sharing in parallel LED branches.

Figure 34:

Comparison of percentage error for three methods.
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CHAPTER 6
CONCLUSION
A new current balancing technique is proposed and validated in this research paper. The
main concept behind the proposed idea of using flyback converter for equal current sharing in
parallel LED strings is discussed and so is the procedure to build the circuit with required
calculations. The circuit is analyzed for different load conditions and the results are presented.
The mismatch in the branch currents is reduced to less than 1%. By adjusting duty cycle of the
switching MOSFET and inductance, light intensity of LEDs is maintained.
Previous works done in current equalization are discussed and comparative study is
presented. The proposed circuit is compared with a circuit that uses capacitors for current
equalization. The results show that the proposed circuit has improved current equalization than
the circuit with capacitors. The proposed circuit is also compared with another current
equalization circuit that uses inductors, in the form of push-pull converter, for reducing
mismatch in currents. Analysis shows that the push-pull converter circuit has better results. Yet
the proposed circuit offers advantages like less switching losses, less cost and complexity over
the push-pull converter circuit.
Thus, it can be concluded that the proposed circuit offers improved current balancing in
parallel LED strings with advantages of high intensity output and less cost and complexity of
circuit.
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